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reduce health inequity in most scenarios: a
simulation study
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Abstract

Background: The global and within-country epidemiology of cervical cancer exemplifies health inequity. Public
health programs may reduce absolute risk but increase inequity; inequity may be further compounded by
screening programs. In this context, we aimed to explore what the impact of human papillomavirus (HPV) vaccine
might have on health equity allowing for uncertainty surrounding the long-term effect of HPV vaccination
programs.

Methods: A simple static multi-way sensitivity analysis was carried out to compare the relative risk, comparing after
to before implementation of a vaccination program, of infections which would cause invasive cervical cancer if
neither prevented nor detected, using plausible ranges of vaccine effectiveness, vaccination coverage, screening
sensitivity, screening uptake and changes in uptake.

Results: We considered a total number of 3,793,902 scenarios. In 63.9% of scenarios considered, vaccination would
lead to a better outcome for a population or subgroup with that combination of parameters. Regardless of vaccine
effectiveness and coverage, most simulations led to lower rates of disease.

Conclusions: If vaccination coverage and screening uptake are high, then communities are always better off with a
vaccination program. The findings highlight the importance of achieving and maintaining high immunization
coverage and screening uptake in high risk groups in the interest of health equity.
Background
Cervical cancer exemplifies health inequity, both within
nations and globally [1]. Inequities have persisted even
within countries with good screening programs; there is
hope that primary prevention through vaccination may
address this [2]. A substantial body of work has indi-
cated significant benefits and cost-benefits of vaccination
against the infectious cause of cervical cancer, human
papilloma virus (HPV) [3,4]. Two vaccines are available
to protect against genotypes responsible for about 70%
of cervical cancers [5]. These vaccines have been found
to be very efficacious and safe and programs have been
implemented in various countries throughout the world,
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including Canada, Australia, the United Kingdom and
the United States. HPV vaccination programmes have
nevertheless aroused some controversy. The vaccine is
expensive, raising questions about alternative public
health gains in countries with existing cervical cancer
screening programs, which could have been obtained for
the same investment. Non-substantiated fears have been
raised by some, about the impact of the vaccine on sex-
ual behaviour; parents who believe the vaccine might
have a negative influence on sexual behaviour are less
likely to intend to vaccinate daughters [6]. Other com-
mentators [7] have pointed out that this vaccine is
unique, in that it could potentially lead to the decreased
utilization of the cervical screening program, already
established as effective, by women unclear about the
vaccine’s incomplete coverage of oncogenic viral geno-
types, [8,9], thereby paradoxically increasing the future
burden of invasive cervical cancer from the much less
common non-vaccine strains. It is important to note that
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cervical screening is not primary prevention since it pro-
vides early detection of cervical abnormalities; it is only
effective among women who participate in the program
and there are well documented social inequities regard-
ing program participation [10-12].
There are a number of uncertainties, inevitable with

any new vaccine, which require careful monitoring of
the “natural experiment” currently taking place in juris-
dictions such as Canada, where different schedules for
publicly funded HPV vaccination programs have been
implemented at different times and for age groups
ranging from grade 4 to 8 (ages 9–13 years) [13]. The
programs are all being delivered to girls by public health
through schools, however the school grade targeted var-
ies throughout the country. Surveillance of all aspects of
new vaccination programmes - adverse events, coverage,
attitudes and disease incidence – is essential. One of
several reasons for this is that vaccination programmes
may have paradoxical effects in increasing burden of
disease [14] and inequity in health [15]. However, as the
vaccine is delivered through school-based programs, and
children in Canada are legally required to attend schools,
inequity may be diminished. In the context of uncer-
tainty about key parameters such as duration of vaccine
protection, and the impact of the programme on behav-
iour related to screening uptake, the question arises
whether there are realistic scenarios in which HPV
vaccination programmes could cause relative or absolute
harm to particular groups in society.
A root cause of inequity in cervical cancer is poverty,

mediated biologically by increased risk of sexual expos-
ure to HPV and reduced detection, appropriate follow-
up and treatment for preclinical abnormalities. Cervical
cancer is also a disease of poverty via psycho-social
mechanisms, such as a lack of power for women around
sexual relations (in many societies, but generally asso-
ciated particularly with lower levels of female education)
and lack of understanding of the disease [16].
Although current vaccines protect against two of the

HPV types which cause around 70% of cervical cancers,
another 13 types are established high-risk and a further
3 are probably high-risk [5]. Because of these other
types, as well as the fact that no vaccine is 100%
effective, cervical cancer screening programmes need to
continue in some form, regardless of vaccination pro-
grammes [5,17]. Implementation of such “competing”
programmes (in the sense that they may compete for the
attention and compliance of women at risk) may harm
some groups if, post-vaccination, behavioural changes
either increase the risk of acquisition of non-vaccine
oncogenic HPV types, or reduce the uptake of effective
screening and follow-up treatment of pre-clinical abnor-
malities. An additional possible issue would be that as
more advanced lesions become rarer, high-volume Pap-
smear cytologists may become less adept at recognizing
them. These perverse effects may be potentiated if the
extent and/or duration of vaccine effectiveness is lower
than anticipated (data on the long-term duration of
protection are currently accumulating and are approxi-
mately five years ahead of vaccination programs). Benefi-
cial effects of vaccination may, on the other hand, be
potentiated, if the vaccine confers significant indirect
(“herd”) protection by reducing the circulation of the
HPV vaccine strains or if it confers protection for
women who would not have participated in the screen-
ing program. The overall impact of a vaccination
programme on the risk of cervical cancer thus depends
on the interplay of several factors. We aimed to find out
whether it is possible using a simple approach to dis-
cover plausible scenarios in which corresponding popu-
lation subgroups could be at increased risk of invasive
cervical cancer following the implementation of an HPV
vaccination programme, thereby potentially increasing
inequity in the whole population.

Methods
We carried out a multi-way sensitivity analysis using a
simple static mathematical model developed to assess
the impact of different prevention strategies on cervical
cancer relative to the state before a vaccination program
was implemented. The simulation generates a number of
scenarios representing a set of conditions that might
apply to a particular subgroup of the population. The
terms scenario and subgroup are therefore used inter-
changeably below.
We considered each of many possible subgroups of

the population, defined by specific values of several vari-
ables that co-determine invasive cervical carcinoma risk,
and estimated whether each subgroup would be better
or worse off with a vaccination programme in place,
given the presence of cervical screening. The parameters
were varied within a wide range that included plausible
values to allow for different characteristics of risk groups
in any population (Table 1). The possible impact of HPV
vaccination programmes for teenage girls on the preva-
lence of circulating vaccine strains through herd immun-
ity is currently unknown. We estimated indirect effects
at exposure reductions of 60%, 40% and 20%. Vaccine ef-
fectiveness was considered between 50% and 90%. The
lower end of the range for the vaccine effectiveness value
was set at 50% to allow for possible waning of immunity
during mid-adult life, to capture longer-term effective-
ness, as opposed to efficacy, of the vaccine. Mid-adult
life is a time when sexual activity for many women still
leads to HPV exposure, with increasing rates of break-
down of marital relationships and new sexual partner
initiation in later years [18], and given that many years
will have elapsed since they were vaccinated by the pre-



Table 1 Ranges of parameters considered in the
simulation study

V C S E δPv δPu δS δE

90% 90% 90% 90% −0.6 −0.6 −0.6 −0.6

80% 80% 80% 80% −0.4 −0.4 −0.4 −0.4

70% 70% 70% 70% −0.2 −0.2 −0.2 −0.2

60% 60% 60% 60% 0 0 0 0

50% 50% 50% 50% 0.2 0.2 0.2 0.2

40% 40% 0.4 0.4 0.4 0.4

30% 30% 0.6 0.6 0.6 0.6

20% 20%

10%

V =Vaccine effectiveness.
C = Vaccination coverage.
S = Screening uptake.
E = Baseline lifetime screening sensitivity (the sensitivity of the screening
program).
δPv = Proportional change in the risk of infections caused by vaccine strains
which would cause cervical cancer if nether prevented nor detected.
δPu = Proportional change in the risk of infections caused by non-vaccine
strains which would cause cervical cancer if nether prevented nor detected.
δS =Proportional change in screening uptake.
δE = Proportional change in lifetime screening sensitivity.
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pubertal programs now in place. In published dynamic
models, vaccine efficacy has been estimated at 90-100%
[19-21]. The duration of immunity is unknown and will
likely depend in part on frequency of ongoing exposure
to HPV and whether this provides immunological boost-
ing. For other viral vaccines such as measles, vaccine-
derived immunity has been shown to decline more rap-
idly than natural immunity, at least in part due to the
success of programs in eliminating viral circulation and
boosting. Cross protection against other genotypes was
not included in the model. We investigated coverage in
the range of 20%-90% to account for high coverage in
some developed countries and low coverage in some
developing countries (this may be true for some religious
and other subgroups as well). Baseline screening sensi-
tivity was previously estimated to be 59% [10] - we,
therefore, focus on this level of baseline sensitivity when
presenting the results of our simulation study, although
a similar range of estimates as used for vaccine effective-
ness was also considered. Lifetime screening participa-
tion of between 10% and 90% was investigated.

Model Parameters

R: Risk of infections which would cause invasive

cervical cancer if neither prevented nor detected
V: Vaccine effectiveness

C: Vaccination coverage

S: Screening uptake prior to the introduction of the
program
E: Baseline lifetime screening sensitivity

(the sensitivity of the screening program)
δPv: Proportional change in risk (R) caused by

vaccine strains if neither prevented nor detected,
occurring as a result of herd immunity or
behavioural change
δPu: Proportional change in risk (R) caused by non-

vaccine strains if neither prevented nor detected,
occurring as a result of behavioural change or
strain replacement
δS: Proportional change in screening uptake

δE: Proportional change in lifetime screening
sensitivity

R1: Risk of undetected infections which would cause
invasive cervical cancer for a woman living in a
population without a vaccination programme
R2: Risk of undetected infections which would cause

invasive cervical cancer for a woman living in a
population with a programme
For a woman living in population without a vaccin-
ation programme, risk of undetected infections which
would cause invasive cervical cancer can be estimated as

R1 ¼ R � 1� S � Eð Þ

However, for a woman under the vaccination program,
the risk of getting these life threatening infections can
be described as

R � 1þ δPυþ δPuð Þ;
Where, δPv and δPu are changes (increases or

decreases) attributed to vaccine or non-vaccine strain
exposures.
Risk reduction due to vaccination is estimated as,

0:7 � R � C � V þ δPυ � RC � V ¼ R � C � V � 0:7þ δPυð Þ;
Where 0.7 accounts for the protection obtained from

currently available vaccines against two of the HPV types
which cause approximately 70% of cervical cancers.
Therefore, the risk of undetected infections can now

be given as

R � 1þ δPυþ δPuð Þ � R � C � V � 0:7þ δPυð Þð Þ
¼ R � 1þ δPυþ δPuð Þ � C � V � 0:7þ δPυð Þð Þð Þ

Similarly, changes in uptake of screening and of the ef-
fectiveness of screening can be incorporated in the esti-
mates, consequently, R2 becomes

R2 ¼ R � 2þ δPυþ δPuð Þ � C � V � 0:7þ δPυð Þ�ð
1� S � E � 1þ δSð Þ 1þ δEð Þð Þð Þ
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The relative risk can then be given as
RR ¼ R2

R1
¼ 1þ δPυþ δPuð Þ � C � V � 0:7þ δPυð Þð Þ � 1� S � E � 1þ δSð Þð Þð Þ
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If the relative risk (RR) is less than 1 then the outcome
of the vaccination programme was considered to be bet-
ter and if greater than or equal to 1, then the outcome
of vaccination was worse than the previous state. Vac-
cine adverse events were not included in the analysis,
and the vaccine is relatively expensive, so that R1=R2

with a vaccination programme was not considered a sat-
isfactory outcome. On the other hand, early indications
are that the vaccine is safe and well tolerated with the
only excess adverse event reported so far being anaphyl-
axis, with a number needed to harm (NNH) of around
40,000 per dose [22]. Similarly, adverse effects of screen-
ing were also not included in the analysis.
Our primary outcome of interest is the percentage of

scenarios/subgroups, of the all possible combinations of
parameter values which are considered, in which RR ≥ 1.
The actual percentage is less important than the trends
across different levels of parameters and the range of
scenarios in which the outcome is not better with a vac-
cination program. We are interested in scenarios in
which subgroups may be worse off as an indicator of the
extent to which vaccination programs may result in in-
equity. These scenarios also represent the situations in
which certain characteristics and circumstances may
cluster to cause disadvantage to population subgroups
and hence create inequity.
Applying the range of parameters considered in the

simulation (Table 1), the number of possible combina-
tions is 8*9*5*7*7*7*7= 864,360 for each level of vaccine
effectiveness, giving a total of 4,321,800 scenarios. How-
ever, we removed 527, 898 scenarios that led to zero or
negative risk as being practically irrelevant although they
are mathematically valid. This occurs when (1 + δS) *
(1 + δE) ≥ 1/(E * S), and one such example is when
baseline screening uptake and sensitivity are set to
70% and 80% , respectively while change in uptake
and sensitivity are allowed to be 0.6. This leads to sce-
narios which are unrealistic, which are thus removed
from our analysis/investigation. Therefore, the total
number of subgroups/scenarios investigated in our
paper 3,793,902. In addition we carried out sensitivity
analyses to see the impact of two variables at a time
in different scenarios. The simulation and data analysis
is performed in the R statistical package [23].
Relative Risk (RR)
0 2 4 6 81 2 3 4 5 6 7 8 9

Figure 1 The distribution of RR when all the eight parameters
considered are allowed to vary within the range provided in
Table 1.
Results
The results from our simulation study show that the
outcome of vaccination would be better in the majority
of scenarios/subgroups (RR<1 in 63.9% of scenarios con-
sidered) but worse in a substantial proportion of scenar-
ios considered (RR ≥1 in 36.1% of the scenarios). The
distribution of RR is heavily skewed to the left (the dir-
ection of a beneficial effect), where RR < 1.2 for more
than 75% of the scenarios considered, RR > 2 for less
than 5% of the scenarios and less than 1% of the scenar-
ios result in RR >3 (Figure 1). This indicates that in most
scenarios, the population subgroup benefits from the
vaccination programme. This is consistently observed in
our simulation regardless of vaccine effectiveness and
coverage although the actual percentage values vary with
each (Table 2, Figures 2,3,4 and 5).
As expected, the benefit of the vaccine programme

increases as vaccine effectiveness and coverage increase,
indicating that achieving and maintaining high coverage
is important in all subgroups to get a maximal benefit
from the vaccine program. This is true regardless of vac-
cine effectiveness. When vaccine effectiveness is set at
50% (well below current estimates), while other popula-
tion parameters are allowed to vary, 59.3% of the scenar-
ios still result in a beneficial outcome with RR < 1. The
distribution remains heavily skewed to the left. Only 6%
of the populations had RR > 2 and RR > 3 for about 1%
of the scenarios. Similarly, for vaccine effectiveness of
90%, 68.4% of the populations result in RR < 1 and RR >
1 was obtained for 31.6% of the population, RR < 1.2 for



Table 2 Distribution of relative risk (RR) at different
levels of vaccine effectiveness (V) and coverage (C)

V C Percentage of Scenarios

RR < 1 RR < 1.2 RR > 1 RR > 2 RR > 3

90 20 54.92 66.21 45.08 7.70 1.52

50 66.94 77.60 33.06 3.59 0.71

70 74.92 84.89 25.08 2.05 0.39

90 81.25 90.58 18.75 1.25 0.22

70 20 53.14 64.46 46.86 8.61 1.71

50 63.01 73.79 36.99 4.73 0.95

70 69.05 79.44 30.95 3.19 0.62

90 74.92 84.89 25.08 2.05 0.39

50 20 51.44 62.78 48.56 9.48 1.91

50 58.28 69.42 41.72 6.3 1.25

70 63.01 73.79 36.99 4.73 0.95

90 66.94 77.60 33.06 3.59 0.71

Footnote: If RR>1, the outcome is worse in that scenario/subgroup.
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Figure 3 Percentage of scenarios in which a subgroup might
be worse off, at different levels of change in screening uptake.
Vaccine effectiveness and coverage are set at 90%, and screening
sensitivity is maintained at 60%.
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79% of the populations, RR > 2 for less than 3% of the
populations and less than 1% of the scenarios result in
RR > 3.
When vaccine effectiveness is set at 90% and coverage

is very low (20%), the percentage of scenarios in which
the population might be worse off with a vaccination
programme is quite high (45%) although the relative risk
is still less than 1.2 for 66% the scenarios. However,
when coverage is increased to 70%, the percentage of
scenarios that are worse off decreases substantially
(25.1%). For 90% coverage, the percentage of scenarios
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Figure 2 Percentage of scenarios in which a subgroup might
be worse off, for different levels of coverage and baseline
screening uptake. Vaccine effectiveness is set at 90% and baseline
sensitivity is set at 60%. Other variables are allowed to vary within
the range provided in Table 1.
in which populations could potentially be worse off is
only 18.8%, and the percentage of scenarios with RR <
1.2 increased to 90.6%. Table 2 shows the distribution of
RR for different values of vaccine effectiveness and
coverage. Figures 2, 3, 4 and 5 show the impact of vary-
ing coverage and screening uptake or changes in screen-
ing uptake and reinforce the baseline screening level and
coverage to be the most important factors to consider.
Note that the effect of changes in screening uptake or
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Figure 4 Percentage of scenarios in which a subgroup might
be worse off in a scenario where baseline screening is high,
according to coverage and different levels of change in
screening uptake. V=90%, E=60%, S=80%, the rest of the variables
are assumed to vary according to Table 1.
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Figure 5 Percentage of scenarios in which a subgroup might
be worse off in a scenario where baseline screening is high,
according to coverage and different levels of change in
screening uptake. V=90%, E=60%, S=20%, the rest of the variables
are assumed to vary according to Table 1.

Table 3 Percentage of scenarios in which a subgroup
might be worse off at different levels of baseline
screening uptake

S δS Percentage of Scenarios

E = 60% E = 90%

δE≠0 δE=0 δE≠0 δE=0

20 −0.6 19.41 17.95 23.08 23.08

−0.4 16.12 15.38 19.05 17.97

−0.2 13.92 12.82 15.75 12.82

0 11.36 10.27 10.99 10.26

0.2 9.89 10.26 9.52 7.69

0.4 7.69 7.69 6.96 5.13

0.6 6.28 5.13 5.49 0

50 −0.6 29.67 28.21 41.39 43.59

−0.4 24.54 25.64 32.60 33.33

−0.2 17.95 17.95 22.71 25.64

0 12.45 10.26 16.11 10.26

0.2 9.89 5.13 11.72 0

0.4 7.33 0 10.25 0

0.6 5.86 0 7.91 0

70 −0.6 38.83 41.03 56.41 58.97

−0.4 30.77 30.77 44.69 48.72

−0.2 21.61 23.08 30.77 35.90

0 15.02 10.26 24.59 10.26

0.2 10.98 0 20.46 0

0.4 8.42 0 16.67 0

0.6 6.97 0 15.92 0

90 −0.6 49.08 48.72 75.46 76.92

−0.4 37.73 41.03 62.27 66.67

−0.2 26.01 28.21 47.95 53.85

0 18.32 10.26 37.67 10.26

0.2 15.16 0 33.87 0

0.4 12.56 0 30.57 0

0.6 11.83 0 32.03 0

S = Screening uptake.
E = Baseline screening sensitivity (the sensitivity of the test).
δS =Proportional change in screening uptake.
δE = Proportional change in screening sensitivity.
Coverage and vaccine effectiveness are set at 90%, baseline sensitivity is set at
60% and 90%.
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sensitivity would be identical because our formula is
symmetrical.
The proportion of scenarios in which RR<1 was lower

if screening uptake was higher at baseline and then
declined (Table 3, Figures 2, 3). If screening participation
is maintained at baseline levels, whatever they may be,
and vaccine coverage is high, the outcome is good in all
scenarios (Table 3).
The greater the increase in non-vaccine strains, the

greater the proportion of scenarios with a worse out-
come, reaching 30% of scenarios if non-vaccine strains
increased by 40%. However, if non-vaccine strains
increased by only 20%, the population is better off in
90% of scenarios. Our simulation results indicate that
the percentage of scenarios that are worse off can be
reduced further if coverage, screening uptake and sensi-
tivity are maintained or increased (Figures 2, 3 4 and 5).
While baseline screening uptake, sensitivity and the risk
of infection prior to introduction cannot be changed and
vaccine effectiveness is also a fixed characteristic of the
program, changes in screening uptake after introduction
and vaccination coverage are amenable to intervention
so the finding that these are also the critical elements in
a sensitivity analysis is important.
Proportional improvements in cytological screening ef-

fectiveness reduced the number of scenarios in which
sub-populations might be worse off with a programme
(data not shown). The effect was more modest in the
different baseline screening scenarios when vaccine ef-
fectiveness was set at 90%, but for every level of screen-
ing effectiveness the proportion of scenarios in which
the outcome was worse, after vaccination, remained very
small as long as coverage is high and screening uptake is
maintained.

Discussion
This analysis is very simplistic and aims as much to raise
the issue of consequences, for different groups in society,
as to yield precise estimates of program effectiveness. It
should be regarded as an exploratory sensitivity analysis
and the basis for further work. More sophisticated
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approaches such as Monte Carlo simulations may be
more methodologically pure, but perhaps less intuitive
and thus more “black box” than our approach of trying
out all combinations of parameter values, within what
seem to be plausible ranges. We have not estimated a
“prior” probability distribution for our parameters, as
Bayesian methods would require, and so have remained
in a state of equipoise in relation to the likelihood of
these different possible future scenarios. This is a signifi-
cant limitation since we know that some parameter
values are much more likely than others, and that some
values of different parameters which combine either to
increases or decrease risk are more likely to occur in
combination. Established risk factors (such as multi-
partner, unprotected sexual behaviour from early in
teenage life; failure to take up preventive health care -
including vaccination and regular cytological screening;
early smoking; and poverty) tend to cluster, as do protect-
ive factors, among various socioeconomic subpopulations,
as well as certain ethnic groups in some societies. The
overall effect of ignoring this non-independence of risk
factor distributions in the population - i.e. clustering - is
likely to make this analysis conservative with respect to
the proportion of scenarios modelled in which the corre-
sponding subgroup is substantially worse off – or much
better off – after vaccination, since risk-factor clustering
would tend to increase the variance of the modelled
overall-risk distribution, leading to a larger number of
scenarios, and corresponding fractions of most populations,
with much worse-than-average and better-than-average
results. In other words, this analysis may tend to under-
estimate the extent to which vaccination may result in
inequity.
Unlike many other vaccines, even if the herd immunity

effect led to an indirect impact on invasive cancer of
vaccine strains, the outcome could still be poorer in
some scenarios in which a subgroup of the population
may find itself, because the overall impact of the pro-
gram depends on other factors, including screening up-
take and the prevalence of non-vaccine genotypes. But
such scenarios remain in the minority. For instance, if
the prevalence of circulating vaccine strains fell by 60%,
then the outcome would be better for 88% of subgroups,
as long as vaccination effectiveness and coverage were
fixed at 90%. If the fall in vaccine strain prevalence were
only 20% then the outcome would still be better in 82%
of scenarios, showing that if herd immunity effects are
modest this could be compensated for by declines in
other parameters. Although many vaccination pro-
grammes result in herd immunity which protects every-
one, vaccinated or not, they may not benefit everyone
equally and, indeed, may increase inequity in health.
Such iatrogenic inequity receives less attention than in-
equities observed in other areas of public health because
the overwhelming success of vaccination programmes
produces such a large absolute reduction in most indivi-
duals’ (and therefore the population-level) risk of dis-
ease. Although not addressed in the current study,
adding males to the vaccination programme would have
an impact on herd immunity and therefore a further
benefit to women. Furthermore, the delivery of vaccine
through schools, rather than primary care, may also
balance the overall impact of the program in favour of
increasing equity. HPV is highly transmissible, implying
that to achieve significant herd immunity will require
not only high effectiveness but also coverage that is
significantly higher than the levels of around 50% seen
jurisdictions such as Ontario [24,25].

Conclusions
Redressing health inequity is a central theme in public
health [16]. A sound conceptual framework and good
information are required to quantify the impacts of all
interventions’ impacts on such inequity, and to robustly
evaluate any further program or policy modifications to
avert particularly inequitable impacts. This simplistic
analysis indicates that the population or sub-populations
would be better off with a vaccination program than with-
out one in most scenarios. In some unlikely circumstances,
they may, however, be worse off with an HPV vaccination
programme than without one. Ensuring that at least one
person is better off while nobody is worse off after such
programs are implemented (in economists’ terms, Pareto
improvement) requires not only high coverage of vaccin-
ation but also good uptake of screening programmes in
those groups most at risk. To ensure both requires com-
prehensive and linked information systems for monitoring
vaccination coverage, screening registries (which ideally
include information on HPV infection at a type-specific
level), and cervical cancer screening uptake. This analysis
suggests that to be safe and equitable, jurisdictions with
vaccination programmes should aim to ensure that, in the
absence of long-term data on vaccine effectiveness,
coverage in all groups should be greater than 60% and that
cervical screening uptake is high and sustained in all
groups. The lesson from cervical screening programs is,
like many screening programs, that they may increase
health inequity [26]. Vaccination programmes delivered
through schools may be better poised to decrease health
inequities, as school attendance is mandatory and partici-
pation does not rely on attendance at an off-site health
clinic. Regardless, systems need to have the capacity to
identify groups at highest risk for paradoxical negative
combined effects of screening programs and HPV vaccin-
ation, and to be linked to actions to effectively mitigate
those risks. Some jurisdictions have rightly set aside
resources for evaluation; those without systems in place
are hoping for the best but not preparing for the worst.



Crowcroft et al. BMC Public Health 2012, 12:935 Page 8 of 8
http://www.biomedcentral.com/1471-2458/12/935
Competing interests
None of the authors has any competing interests to declare.

Authors’ contributions
JF had the idea to do the study; NC developed the idea into a study design
and carried out the initial analysis. JH advised on method and completed
the statistical analysis. SD contributed further ideas for the interpretation of
the data. NC drafted the paper and responses to reviewers; all authors
contributed to the writing and approved final drafts.

Acknowledgements
We would like to acknowledge the helpful and constructive comments of all
the reviewers.
No funding was obtained for this study.

Author details
1Infectious Diseases, Public Health Ontario, 480 University Avenue, Suite 300,
Toronto, Ontario M5G 1V2, Canada. 2Laboratory Medicine and Pathobiology,
University of Toronto, 1 King's College Circle, Toronto, Ontario M5S 1A8,
Canada. 3Dalla Lana School of Public Health, University of Toronto, 155
College Street, Health Science Building, 6th floor, Toronto, Ontario M5T 3M7,
Canada. 4Clinical Epidemiology and Biostatistics, McMaster University, 1280
Main Street West, Hamilton, Ontario L8S 4L8, Canada. 5Pathology and
Molecular Medicine, McMaster University, 1280 Main Street West, Hamilton,
Ontario L8S 4L8, Canada. 6Scottish Collaboration for Public Health Research
and Policy, Edinburgh, Ontario, Canada. 7University of Edinburgh, Old
College, South Bridge, Edinburgh, Scotland EH8 9YL, UK.

Received: 2 July 2012 Accepted: 3 October 2012
Published: 31 October 2012

References
1. Gakidou E, Nordhagen S, Obermeyer Z: Coverage of cervical cancer

screening in 57 countries: low average levels and large inequalities.
PLoS Med 2008, 17:5(6).

2. Erdman JN: Health equity, HPV and the cervical cancer vaccine.
Health Law J 2008, 127–143. http://papers.ssrn.com/sol3/papers.cfm?
abstract_id=1372864 accessed 25th April 2011.

3. Franco EL, de Pokomandy A, Spence AR, Burchell AN, Trottier H, Mayrand
MH, Lau S: Vaccination against human papillomavirus. CMAJ 2007,
177(12):1524–1525.

4. Brisson M, Van De Velde N, De Wals P, Boily MC: The potential cost-
effectiveness of prophylactic human papillomavirus vaccines in Canada.
Vaccine 2007, 25(29):5399–5408. Epub 2007 May 22.

5. Cutts FT, Franceschi S, Goldie S, Castellsague X, de Sanjose S, Garnett G,
Edmunds WJ, Claeys P, Goldenthal KL, Harper DM, Markowitz L: Human
papillomavirus and HPV vaccines: a review. Bull World Health Organ 2007,
85(9):719–726.

6. Ogilvie GS, Remple VP, Marra F, McNeil SA, Naus M, Pielak KL, Ehlen TG,
Dobson SR, Money DM, Patrick DM: Parental intention to have daughters
receive the human papillomavirus vaccine. CMAJ 2007,
177(12):1506–1512.

7. Lippman A, Melnychuk R, Shimmin C, Boscoe M: Human papillomavirus,
vaccines and women's health: questions and cautions. CMAJ 2007,
177(5):484–487.

8. Peto J, Gilham C, Fletcher O, Matthews FE: The cervical cancer epidemic
that screening has prevented in the UK. Lancet 2004, 364(9430):249–256.

9. Harper DM, Nieminen P, Paavonen J, Lehtinen M: Cervical cancer incidence
can increase despite HPV vaccination. Lancet Infect Dis 2010,
10(9):594–595.

10. Ng E, Wilkins R, Fung MF, Berthelot JM: Cervical cancer mortality by
neighbourhood income in urban Canada from 1971 to 1996. CMAJ 2004,
170:1545–1549.

11. O’Brien ED, Bailie RS, Jelfs PL: Cervical cancer mortality in Australia:
contrasting risk by Aboriginality, age and rurality. Int J Epidemiol 2000,
29:813–816.

12. Woltman KJ, Newbold KB: Immigrant women and cervical cancer
screening uptake: a multilevel analysis. Can J Public Health 2007,
98:470–475.

13. Cassels AK: Vaccination against human papillomavirus. CMAJ 2007, 177
(12):1526.
14. Panagiotopoulos T, Georgakopoulou T: Epidemiology of rubella and
congenital rubella syndrome in Greece, 1994–2003. Euro Surveill 2004,
9(4):17–19.

15. Olowokure B, Spencer NJ, Hawker JI, Blair I, Smith RL: Changing
socioeconomic risk factors for invasive H. influenzae disease after the
introduction of conjugate vaccine. J Infect 2003, 46(1):46–48.

16. World Health Organization Commission Report: Closing the gap in a
generation: Health equity through action on the social determinants of health.
http://www.who.int/social_determinants/thecommission/finalreport/en/
index.html. Accessed 18th August 2011.

17. Massad LS, Einstein M, Myers E, Wheeler CM, Wentzensen N, Solomon D:
The impact of human papillomavirus vaccination on cervical cancer
prevention efforts. Gynecol Oncol 2009, 114(2):360–364. Epub 2009 May 1.

18. Canada.com website reporting a Reuters survey. http://www.canada.com/
topics/lifestyle/relationships/story.html?id=82b56024-77ff-4aef-a4ec-
05c247d1e3f0. Accessed 24th March 2012.

19. Brisson M, Van De Velde N, De Wals P, Boily MC: Estimating the number
needed to vaccinate to prevent diseases and death related to human
papillomavirus infection. CMAJ 2007, 177(5):464–468. Epub 2007 Aug 20.

20. Jit M, Choi YH, Edmunds WJ: Economic evaluation of human
papillomavirus vaccination in the United Kingdom. BMJ 2008, 337:a769.
doi:10.1136/bmj.a769.

21. Seto K, Marra F, Raymakers A, Marra CA: The cost effectiveness of human
papillomavirus vaccines: a systematic review. Drugs 2012, 72(5):715–743.

22. Brotherton JM, Gold MS, Kemp AS, McIntyre PB, Burgess MA, Campbell-
Lloyd S: New South Wales Health HPV Adverse Events Panel. Anaphylaxis
following quadrivalent human papillomavirus vaccination. CMAJ 2008,
179(6):525–533. Epub 2008 Sep 1.

23. R Development Core Team: R: A language and environment for statistical
computing, 2008. Vienna, Austria: R Foundation for Statistical Computing;
ISBN 3-900051-07-0, URL http://www.R-project.org. Website accessed 24th
March 2012.

24. Chan EOM, Dolman S, Fung C, Ontario Ministry of Health and Long-Term
Care, Public Health Division: Immunization coverage report for school pupils:
School years 2007/2008 and 2008/2009. 2011.

25. Bogaards JA, Xiridou M, Coupé VM, Meijer CJ, Wallinga J, Berkhof J:
Model-based estimation of viral transmissibility and infection-induced
resistance from the age-dependent prevalence of infection for
14 high-risk types of human papillomavirus. Am J Epidemiol 2010,
171(7):817–825.

26. Sarfati D, Shaw C, Simmonds S: Inequalities in cancer screening
programmes. Int J Epidemiol 2010, 39(3):766–768. Epub 2010 Mar 9.

doi:10.1186/1471-2458-12-935
Cite this article as: Crowcroft et al.: Human papilloma virus vaccination
programs reduce health inequity in most scenarios: a simulation study.
BMC Public Health 2012 12:935.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

http://papers.ssrn.com/sol3/papers.cfm?abstract_id=1372864
http://papers.ssrn.com/sol3/papers.cfm?abstract_id=1372864
http://www.who.int/social_determinants/thecommission/finalreport/en/index.html
http://www.who.int/social_determinants/thecommission/finalreport/en/index.html
http://www.canada.com/topics/lifestyle/relationships/story.html?id=82b56024-77ff-4aef-a4ec-05c247d1e3f0
http://www.canada.com/topics/lifestyle/relationships/story.html?id=82b56024-77ff-4aef-a4ec-05c247d1e3f0
http://www.canada.com/topics/lifestyle/relationships/story.html?id=82b56024-77ff-4aef-a4ec-05c247d1e3f0
http://dx.doi.org/10.1136/bmj.a769
http://www.R-project.org

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Results
	Discussion
	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


